Infrared thermography, Computer analysis of thermograms, varicocele, male infertility Varicocele is recognized äs a possible cause of male infertility. It is known that the size of varicosity does not necessarily correlate with the degree of spermiogenesis impairment; even subclinical varicoceles may reduce fertility. An examination procedure utilizing a computerassisted thermography System with high resolution has been developed. It involves the determination of quantitative parameters sensitive to characteristic abnormalities of the temperature distributions. The parameters provide a basis for an objective diagnostic classification of the thermograms. A group of 31 male patients suspected of being infertile was thermographically examined. Based on previous clinical findings no varicocele could be diagnosed on 24 patients, whereas 7 showed clinical or subclinical varicoceles. In all cases the diagnosis was confirmed by the thermographic examinations. 
Introduction
Varicocele can be defined äs pathological dilatation, elongation, and varice-like convolution of the testi-' cular veins that form the pampiniform plexus. In over 90 % of cases the disease is located in the left hemiscrotum [9] and it occurs most frequently between the age of 15 and 25 [13] . Several studies show that about 10 % of male population is affected [13] . In recent years varicocele has been recognized äs a possible cause of sterüity or subfertility [2, 10, 11, 12, 15] . As a matter of fact, varicocele is diagnosed in 21 to 39% of the men examined in connection with couple sterility problems [2] .
The pampiniform plexus is formed by three vessel groups: the group of the testicular vein (or internal spermatic vein), which runs towards the vena cava beside the testicular artery; the group of the deferential duct vein, which runs parallel to the deferential duct; the group of the cremasteric vein, which is located behind the spermatic cord. These three groups are, interconnected by anastomoses. The right testicular vein enters the vena cava obliquously, below the junction of the right renal vein and the vena cava, while the left testicular vein enters the left renal vein at a right angle.
Since the temperature of the testes plays an important role in spermiogenesis [l, 2, 8, 14, 15] , the male sexual gland is equipped with a sensitive thermoregulative mechanism. The testes maintain their euthermic state in part by means of convective heat loss through the skin. The cremaster muscle regulates heat loss by contracting the scrotal bag more or less, and accordingly changing the exposed skin surface. Furthermore the pampiniform plexus takes part in the thermoregulation by way of a countercurrent heat exchange between the blood in the testicular artery and the testicular vein [15] . In this way the pampiniform plexus precools arterial blood. In fact according to several authors there is a difference of 2.0 to 2.5°C between abdominal and scrotal temperature.
As stated by Ludwig [9] some of the possible causes for the development of a left varicocele (figure 1) are: In the presence of varicocele, especially in the upright Position of the body, a blood stasis or even a flow inversion may occur in the testicular vein, thus causing a congestion in the circulation of the testis. In such situations the venous blood is partially drained through the anastomoses of the testicular vein with the deferential and the cremasteric veins.
The exact mechanism how spermiogenesis is affected by varicocele is not yet fully understood. Hyperthermia, due to deficient cooling of the testis, seems however to be one of the main reasons [11, 15) . Another possible cause is that blood stasis entails an insuf f icient removal of metabolites äs well äs a poor supply of hormones and nutritive substances [11] . A further hypothesis is that a reflux into the testicular vein could transport toxic metabolites from the renal vein to the testis [2] .
According to Zorgniotti [14] the temperature dif f erence between euthermic and hyperthermic states seems to be small: it lies between 0.8 and l .2°C. Elevated testis temperature is found in persons with poor eemen quality and no palpable varicocele, Also, in such cases there sceme to be a disturbance in the temperature retfulation gysti'm moetly due to a retrograde flow or a «tasis in the testicular vein [6] Before recording the thermogram, the patient has to adapt for 15 minutes to a standardized room temperature of 21°C in upright position with genitalia exposed and legs sufficiently separatod to allow the scrotum temperature to reach an equilibrium. This procedure is indispensable because it was observed that often major changes in temperature distributions and in absolute mean temperatures of the hemiscrota occur during the adaption.
For each patient, three thermograms are reeordcd: a ventral, a dorsal and a cephalic exposure. Proper patient positioning is achieved by means of a hydraulie platform. For the dorsal view the patient has to bemi forwards and lean on a railing. The infra-tvd camera is brought äs close äs possible to the object (10 -l ! > cm for the ventral view and 15-20 cm for the dorsal vicw). to permit maximal spatial resolution The penvs is It allows for the recording of absolute temperature measurements between 18° C and 56° C with a resolution down to 0.1°C. The infrared radiation emitted from the object is horizontally scanned by a rotating hexagonal mirror. A tilting mirror provides vertical deflection. A Ge-lens focuses the radiation on a HgCdTe detector cooled by liquid nitrogen whose maximum sensitivity lies at wavelengths from 8 to 12 . After preprocessing, the analog detector Signals are digitized and stored in the RAM display memory (2 x 80 kB) from IBT. The scanning and digital mapping time for a füll thermogram is about l sec. Two füll thermograms described by 256x256 sampling points can be simultaneously stored in the display memory board. The temperature in each point is defined with a resolution of 8 bits. In addition the memory board provides an overlay of 2 bits.
strapped against the abdomen with adhesive tape. Two insulating cuf fs are positioned around the upper thighs to prevent effects of heat radiation and achieve higher contrast.
The ventral thermogram of a patient without varicocele is shown in the upper part of figure 4 a. Apart from the hairs and slightly higher temperatures along the raphe the thermal pattern is relatively flat. The raphe constitutes a thermal septum. Its elevated temperature is due to the Involution of the scrotal bag and is quantitatively characterized by the average horizontal profile in the lower part of figure 4 a (for an explanation of the Contents of the lower part of picture 4 a see the paragraph »Quantitative evaluation«). Hyperthermic areas can be also observed between scrotum and upper thighs. Artifacts can be caused by excessive density of pubic hair and by skin folds. Hair acts äs a shield for infra-red radiation and shows other thermic properties than skin does. Accordingly it causes a falsification of the true skin temperature by simulating a lower value. Shaving would be the best solution to obtain precise thermographic results, but this is not well accepted by patients participating in a research program. Skin folds are usually recognized, so that an experienced operator excludes the corresponding region from the analysis.
Quantitative evaluation
The region to be analyzed in each set of three thermograms are interactively defined with the light pen. In each thermogram first a vertical line is set, separating both hemiscrota, then a contour following the edge of the scrotum is drawn ( figure 3) . The left and right areas are subdivided into two quadrants each. Thus we have two upper and two lower quadrants in the ventral and dorsal views and two anterior and two posterior quadrants in the cephalic view. The use of a Computer allows not only a quantitative evaluation of the original thermograms, but also a very flexible and effective Management and processing of the picture Contents.
In this first study the following parameters that do not require any previous picture processing were introduced: -mean temperature of the left (TML) and of the right TML and TMR are expected to indicate hyperthermia of one side or of both sides in case of bilateral varicocele and when overall disturbances of the scrotal euthermic state are present. The two parameters are not calculated for the cephalic view, because of the diff iculties in measuring absolute temperature. The additional mirror required to record the cephalic thermogram causes losses in the radiation transmitted to the HgCdTe-detector. These lossc» must be taken into account in determining the absolute temperature by way of an additional calibration procedure, which renders the diagnostic ef fort more elaborate. TD quantifies a diffuse thermal asymmetry and is valuable in case of one sided varicoceles. T10L and T10R were introduced because shaving of the region was consistently not carried out. These two parameters are primarily affected by those skin areas which are not overshadowed by hair. As such they can be also interpreted äs mean temperatures of hot spots that may be present. T10D quantif ies tha asymmetry of the wärmest regions.
The additional parameters introduced require image processing. As it is difficult to judge the thermal asymmetry of two areas that may diff er anatomically in size, shape and position, the two regions are mapped on two adjacent and identical rectangles, äs shown schematically in Figure 5 . Examples of such normalized scrota are given in the Iower part of figure 4. The mapping procedure constitutes a geometric normalization in the determination of the following parameters which characterize asymmetries in the temperature distribution and certain features of the temperature profiles:
-difference between the left and right mean temperatures of the upper and Iower respectively of the posterior and anterior quadrants (TDSA and TDSB); -edge-to-edge temperature difference of the linear least square fit of the mean of the temperature profiles across the two upper and the two Iower quadrants for the ventral and dorsal thermograms, respectively across the two posterior and the two anterior quadrants for the cephalic thermogram (TFA and TFB) (figure 6).
TFA and TFB reflect a possible temperature gradient from the right to the left of the scrotum. The upper and the Iower parts respectively the posterior and anterior parts of the scrotum are considered separately, because hot-spots do not always occupy the entire hemiscrotum in case of a varicocele (e.g. fig. 4c ).
It often happens, especially in the cephalic view, that the regions to be evaluated are rotated with respect to any of the body axes. In such cases it is necessary to rotate the thermograms back into the normal position by means of a mapping process in the form of an interpolating aigorithm, before the parameters are computed.
Typical values of sonie of the parameters introduced are reviewed for the three repräsentative thermograms illustratedinfigure4:
a) The case without varicoeele has mean tempevatuivs on the left and right hemiscrotum TML « 30 8V and TMR -31.3°C, so that thcir differenee TO is -0 5 C The greatest temperalure diffeivnce on the aveia>;o profile between the theimal septum and the itfht hemi- 
Results and conclusions
The patient group examined consists of 31 men, aged between 20 and 46 (mean age 34) and suspected of being infertile. On the basis of the clinical and Doppier sonographic examinations a left varicocele was detected in 7 patients. In most cases the averaged absolute temperatures (parameters TML and TMR) in the dorsal thermograms are at least 0.5°C above the corresponding parameters of the ventral view in the same subject.
The mean skin temperature of the left testis is in all but one varicocele case above 31.5°C (max. 35.3°C; mean value of normal cases 31.3°C) and on the contralateral hemiscrotum never below 30.0°C (max. 32.9°C). The difference TD of the mean temperature values of the left and the right side is in all pathological cases more than 0.75° C whereas in normal cases the mean value of TD is almost zero. In order to classify the thermograms by considering all Parameters simultaneously a multivariate discriminant analysis is applied. Accordingly a linear combination of the parameters is determined, such that the difference of the mean values of the two classes of patients with and without varicocele is maximized and the variances of the distributions within each class are minimized. This linear combination, the so called canonical variable, involves in our study primarüy the Parameters TMR of the ventral view, TML, T10R, T10D, TFA of the dorsal view and TD, T10D, TDSA, TFA of the cephalic view. On the basis of this canonical variable a complete Separation of positive (clinical and subclinical varicoceles) and negative cases is achieved (histogram in f igure 7). The canonical variable obtained in this manner can be utilized to achieve a diagnostic classif ication of future cases in prospective studies or in clinical routine examinations.
Quantitative telethermography of the scrotum is a simple and objective diagnostic method, which can be implemented on any computer-assisted thermography system with sufficiently high resolution in a straight-•forward way. In our retrospective study it led to a complete Separation of the two classes without and with left varicocele. For future prospective classifications the method should be improved by redef ining the canonical variable retrospectively on the basis of a larger and more representative patient group which also includes right-sided or bilateral varicoceles.
The results of this study indicate that quantitative telethermography in combination with clinical examination (palpation and semen analysis) and possibly with Doppier sonography may be a useful tool to detect or exclude the presence of a varicocele. A follow-up project now in progress involving 300 male patients with fertility problems is designed to provide more conclusive data on the validity of this statement.
